The depletion force is an effective inter-particle attractive interaction that is entropically driven by the exclusion of co-solvent molecules. For large co-solvents, such as polymers, the exclusion is primarily driven by excluded volume interactions. However, the exclusion of co-solvents, such as electrolytes, can be caused by other mechanisms. In this review, we summarize the literature on interparticle depletion forces that arise from repulsive image-charge forces between low-dielectric particles and electrolytes. In particular, we emphasize the results from a variational perturbation theory for describing the salting-out behavior observed in moderately concentrated salt solutions. The theory predicts an unscreened force with a range given by the Bjerrum length and a magnitude proportional to the osmotic pressure of the salt solution. The force becomes significant at the same salt concentration where salting-out behavior is typically observed.
Introduction
The depletion force was originally used to describe the attraction between colloidal particles induced by the addition of small polymer molecules [1] . In this case, the force is driven by polymer exclusion from the colloidal particles.
The excluded volume of the colloids restricts the space available to the polymer 5 molecules. The net exclusion volume decreases as colloids approach each other, giving rise to a net inter-colloid attractive force, with a range and magnitude determined by the polymer size and the polymer osmotic pressure, respectively.
Excluded volume interactions are one mechanism that gives rise to an effective inter-colloid depletion force. However, any situation where co-solvents 10 (e.g., polymers) are driven from the surface of a colloidal particle can lead to an entropically driven attraction between the colloids. In this work, we review and discuss the depletion of ions from a dielectric interface due to image-charge interactions. This depletion of ions leads to an effective attraction between larger colloidal particles. We discuss the similarities and differences between depletion 15 forces driven by image-charge forces and by excluded volume interactions.
Image-charge interactions

Planar interfaces
Consider a planar interface located at z = 0 which separates two mediums with dielectric constants equal to ε ′ and ε as shown schematically in Fig. 1 . The medium to the left corresponds to a particle, which is inaccessible to electrolytes.
The right side is referred to as the solvent and contains electrolytes (co-solvent).
A point charge with magnitude q located a distance d from the interface will induce a surface charge due to the difference in polarizabilities between the two media. For an isolated planar interface, the potential of the induced surface charge is identical with that of a point charge of magnitude q ′ = ∆q, where
. The interaction energy u(r) of the ion with the induced surface charge is
where β = (k B T ) −1 , k B is the Boltzmann constant, T is the absolute temperature of the system, and l B = βq 2 /ε is the Bjerrum length. If q is the elementary 20 charge, then l B ≈ 7Å for water at 25
• C. There is an effective ion-interface attraction when the dielectric constant of the particle is higher than that of the solvent (i.e. ε ′ > ε). Conversely, if the dielectric constant of the particle is lower (i.e. ε ′ < ε), then the ion is repelled from the interface. The strength of the interaction varies as the square of the 25 ion valency but is independent of the sign of the ion charge. The image force causes a layer of ion depletion about the interface, defined by a depletion length of roughly l = ∆l B /2, the distance at which the image-charge interaction is of order k B T .
Spherical geometries
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The strength of the image-charge interaction depends on the geometry of the dielectric interface. As an illustrative example, consider a single sphere with a dielectric constant ε ′ embedded in a solvent of dielectric constant ε. The presence of charge induces a surface charge on the dielectric interface. For a point charge located a distance r from the center of the dielectric sphere, the potential generated by the induced surface charge can be represented by the sum of a point charge of magnitude q K = ∆q(R/r) located at a distance r K = R 2 /r from the center of the sphere and a line charge stretching from the center of the sphere to r K with a linear charge density [3, 4, 5, 6 ]
where x is the distance from the center of the sphere, η = ε ′ /ε, and ζ = (1+η) −1 .
In the limit that ε ′ ≫ ε or ε ′ ≪ ε, the expressions for the Green's function and ion self energy can be written in closed form [3, 4, 6] . The self energy in this case is exactly given by
The image-charge interaction approaches that of a plane when the distance from the point charge to the surface is much less than the sphere radius. In general, the image-charge interaction for the dielectric sphere is weaker than that for the plane.
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When a point charge is inside a sphere of dielectric constant ε that is surrounded by a medium of dielectric constant ε ′ , the image charge can again be represented as a point charge and a line charge. The point charge has magnitude q K = ∆qR/r and is located at a distance r K = R 2 /r from the center of the sphere. The line charge stretches from the point r K outside the sphere to 40 infinity and has a linear charge density given by Eq. (2).
Other geometries
For other more complex geometries, the potential generated by the induced charge cannot be easily represented in terms of simple image charge distributions. The key quantity in these electrostatic problems is the Green's function
where
The Green's function gives the electric potential of a point charge under a given set of boundary conditions. The potential generated by a general charge distribution Q(r) is given by
The Green's function can be represented as
where proposed [12, 13] . In order to account for the dispersion interaction, however, further work is required to numerically evaluate the determinant of the Green's function.
Electrolytes near dielectric bodies
Ion depletion
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For a symmetric electrolyte solution near a neutral dielectric surface, the average cation charge density will be identical to the average anion charge density. As a consequence, there will be no charge separation, and the system will 5 be everywhere neutral on average. Within mean field theories, the ion density profiles are considered only in an average manner, and, consequently, there will 65 be no repulsion of ions from a low-dielectric interface. Thus, one has to go beyond mean field theories, such as the Poisson-Boltzmann theory, and allow for fluctuations in ion densities to account for ion depletion.
In early theoretical approaches [14, 15] , the image-charge interaction was included explicitly by using an additional one-body interaction. More recent 70 theories account for correlations between ions, as well as between ions and the dielectric interface, using various methods, such as the self-consistent BornGreen-Yvon equation [16, 17, 18] , the hypernetted-chain approximation [19, 20] Applying these approaches to describe the behavior of small colloids such as proteins or spherical micelles requires determining the effect of curvature on the interfacial behavior. This has been taken into account using a variational perturbation theory. Figure 2 shows the ion density profile, as calculated using screening length κ −1 , the ion profile around the sphere approaches that of a flat 95 plate.
Influence on interfacial tension
The depletion of co-solvents from a surface leads to an increase in the surface tension. For a system at a co-solvent concentration c with a depletion length l, the increase in surface tension ∆σ can be estimated using a simple entropy argument to give ∆σ = k B T lc.
When the surface has a lower dielectric constant than the solvent, then ions with a valency z α are repelled from the interface by a distance of roughly z 2 α ∆l B /2. The increase in surface tension is then given by
where c α is the concentration of ion species α. Experimentally, this can be related to the surface tension increment k E , which is defined as:
Using this approach gives a surface tension increment for monovalent ions in 
Influence on dispersion forces
Differences between the dielectric constant of colloidal particles and the solvent leads to a dispersion, or van der Waals, interaction between the particles.
Within Lifshitz theory, the zero-frequency contribution to the dispersion interaction energy F is related to the Green's function of the Poisson equation [31, 32, 33 ]
In classical treatments of colloidal interactions, such as DLVO theory, the dispersion forces are typically treated independently of the electrostatic interactions. However, ion motion can screen the low-frequency fluctuations in the electron density, altering the decay of the dispersion interaction [31] . The dis- The effect of ion depletion on the dispersion force has been examined selfconsistently using the variational perturbation theory. The pressure between 135 two plates immersed in an electrolyte solution is shown in Fig. 3 , where the dielectric constant of the plates ε ′ is taken to be much lower than that of the intervening solvent ε. Predictions of the variational perturbation theory [24, 36] are compared to what happens when uniform screening of the dispersion interaction is assumed. According to Fig. 3 , increasing the ion concentration weakens 140 the inter-plate attraction due to screening of the van der Waals interaction.
In the variational approach, the interaction is more attractive due to weaker screening effects from the layer of ion depletion about each of the plates.
The difference in the pressure calculated by the variational approach and the pressure of a screened van der Waals interaction [31, 35] is plotted in the 
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Accurate representation of electrostatic forces requires taking into account specific ion effects, which can arise from differences in the excess ion polarizability. A large excess ion polarizability is correlated with weak adsorption of ions to non-polar surfaces due to a combination of ion-surface dispersion and solvation forces [41, 42, 43] . These effects have been incorporated into electric- [44, 45, 46] . The approaches are able to capture the experimentally-observed reversal of the Hofmeister series for the saltingout effectiveness of charged, low-dielectric surfaces (such as proteins) [47] . An improved understanding requires combining the ion-specific effects self consis-
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tently with the image-charge force. Along these lines, recent work has included specific ion effects by the addition of a phenomenological adhesion parameter using a loop correction to the mean field theory [48] . Another interesting route has been to include the polarizability of the ions, which has been examined in the weak and strong coupling limits [49] ; this self-consistently incorporates not 205 only the induced dipole interactions but also the dispersion forces between the ions and the ions and the dielectric interface.
Other effects
The magnitude of the image-charge interaction is proportional to the ion valency squared. For asymmetric electrolytes, the ion with the higher valency 210 will be more strongly depleted from a low-dielectric interface. The depletion will cause an effective charge on the dielectric particle as lower valency ions will form a cloud about the colloids. This has implications for the interaction between low-dielectric particles in polyelectrolyte solutions.
The electrostatic depletion force not only occurs for ions, but also applies to 215 neutral, multipolar co-solvents. The charge separation within a multipolar (e.g., dipolar) co-solvent will also lead to image-charge interactions with a dielectric interface. The magnitude of this interaction is weaker than that for a charged cosolvent because each of the charges within the multipolar molecule will interact with the image charges generated by the other charges. Consequently, for a 220 low-dielectric interface there is a reduction in the net image-charge repulsion.
For multipolar molecules, the image-charge interactions will not only lead to a repulsion, but there is also a tendency to align molecules with the interface. Dipolar molecules will tend to align parallel to a low-dielectric interface.
This results in a different dielectric response of the solution parallel (ε ) and 225 perpendicular (ε ⊥ ) to the interface. [50, 51] .
The addition of multipolar particles increases the dielectric constant of the solution, which will increase the attractive dispersion interactions between lowdielectric particles. However, the depletion of dipolar molecules from between the particles will decrease the dielectric constant of the intervening solution, 230 thereby weakening the dispersion interaction.
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Conclusions
We have discussed image-charge interactions between dielectric interfaces and ions. For low-dielectric particles, this leads to an ion depletion layer which results in an attractive interaction between particles due to both osmotic pres-235 sure of the bulk electrolyte solution and a reduction in the screening of the dispersion forces. This mechanism provides attractive force between low-dielectric particles which increases in magnitude with electrolyte concentration and has a relatively constant range (of about l B ). The electrostatic depletion force could play a significant role in salting out of hydrophobic solutes and colloidal objects, 240 such as proteins.
Interactions between colloids are sensitive to ion type, and several attempts have been made to theoretically capture these differences through incorporating specific ion-surface interactions or ion polarizability. It is expected that specific ion effects should be important for the electrostatic depletion force. This is a 245 future direction for the investigation.
